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(54) Method for annealing single crystal fluoride and method for manufacturing the same 

(57) An annealing method for a single crystal of flu- 
oride is provided. The method includes the steps of 
removing at least one of attached objects and absorbed 
objects from the surface of the single crystal of fluoride 
to clean the surface, thereafter annealing the single 
crystal of fluoride, including heating the single crystal of 
fluoride and gradually cooling the heated single crystal 
of fluoride, and removing a deteriorated layer which is 
formed on the surface of the single crystal of fluoride 
during the annealing step. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to a method for 
annealing a single crystal of fluoride and a method for 
manufacturing a single crystal of fluoride. The single 
crystal of fluoride processed by the methods of anneal- 
ing and manufacturing is suitable for use in lenses, 
prisms, and the like for an optical system of an excimer 
laser stepper, which requires a high precision image for- 
mation capability. More specifically, the present inven- 
tion relates to a method of annealing and manufacturing 
a single crystal of fluoride whereby it is possible to 
obtain a single crystal of calcium fluoride, etc., which is 
appropriate for use in an optical system, such as a lens 
or window material, for various devices that utilize a 
laser in the ultraviolet wavelength range or the vacuum 
ultraviolet wavelength range, such as a stepper, CVD 
apparatus, or nuclear fusion apparatus. Also, the 
present invention is suitable for an optical system for 
photolithography with wavelengths of 250 nm or less 
(photolithography utilizing KrF or ArF excimer lasers, F 2 
lasers, solid-state lasers with non-linear optical crystals, 
etc.). 

Discussion of the Related Art 

[0002] In recent years, due to the progress towards 
higher levels of integration and higher complication in 
the functions of VLSI, micro-level processing technol- 
ogy on a wafer has increasingly been required. An 
exposure apparatus called a stepper, which exposes 
and transcribes the minute pattern of an integrated cir- 
cuit onto a wafer made of silicon, etc., has been used in 
photolithography. 

[0003] For the projection lens of a stepper, which is 
the key to photolithographic technology, superior image 
forming capabilities (resolution, focal depth) are 
required. The resolution and focal depth are determined 
by the wavelength of exposing light and the numerical 
aperture (NA) of the lens. For a fixed exposure wave- 
length, as the pattern becomes finer, the angle of the 
diffracted ray becomes greater. Therefore, if the NA of 
the lens is not sufficiently large, the diffracted rays can- 
not be collected to produce high resolution. If the expo- 
sure wavelength becomes shorter, the angle of the 
diffracted rays becomes smaller for the same pattern 
and, therefore, it would be acceptable to have a small 
NA for the lens. 

[0004] The resolution and the focal depth are 
expressed by the following equations: 

Resolution = k1 • AVNA 

Focal depth = k2 • X/(NA) 2 , 



where kl and k2 are proportional constants. 
[0005] These equations imply that in order to improve 
the resolution, the NA of the lens (diameter of the lens) 
should be enlarged, or the exposure wavelength should 
5 be shortened. In addition, in terms of the focal depth, it 
is advantageous to shorten X. 

[0006] Recently, the wavelength of the exposure light 
ray has been becoming shorter and shorter. For exam- 
ple, steppers using KrF excimer lasers (wavelength of 

10 248 nm) have already appeared on the market. There 
are very few optical materials that can be used in photo- 
lithography for light having a wavelength of 250 nm or 
less. Usually, single crystals of calcium fluoride and sil- 
ica glass are used. 

is [0007] As for enlarging the diameter of the lens, sim- 
ply having a large diameter (approximately a diameter 
of 150 mm to 250 mm) is not sufficient, and a superior 
homogeneity is required in the refractive index of single 
crystals of calcium fluoride (f luorite) and silica glass. 

20 [0008] The single crystal growth of calcium fluoride 
has conventionally been conducted with a method 
called the Bridgeman method (Stockbarger, crucible 
lowering method). For a single crystal of calcium fluo- 
ride (fluorite) for small-sized optical parts and for win- 

25 dow materials that do not require stringent 
homogeneity, the final products are obtained through 
finishing processes, such as rounding, after the ingot 
obtained from the crystal growth is cut out. 
[0009] In contrast for single crystals of calcium fluo- 

30 ride which require high homogeneity, such as those for 
use in optical systems (projection lens, for example) for 
a stepper, a simple annealing is first applied to the ingot 
and an additional annealing is conducted after an 
appropriate size of calcium fluoride is cut out from the 

35 ingot to produce the intended product These anneals 
are necessary because the ingot has high residual 
stress and strain, as it is. 

[0010] Because a single crystal of calcium fluoride 
reacts with oxygen at a temperature of 700°C or more, 

40 the annealing is conducted in an oxygen-free atmos- 
phere. During this annealing process, the object to be 
annealed is enclosed in a container (container for 
enclosing the annealed product) made of materials 
such as carbon, which have a low reactivity at this tem- 

45 perature range, for example. Then, the entire container 
is enclosed in an airtight container which can be vacu- 
umed. 

[0011] By providing insulation from the external 
atmosphere with the airtight container, the annealing of 

so the single crystal of calcium fluoride is conducted with 
an appropriate temperature schedule (control). 
[0012] However, with the conventional annealing 
method, a haze may be generated inside the calcium 
fluoride upon annealing of the single crystal of calcium 

55 fluoride. As a result, the desired high transmrttance can- 
not be obtained in such a case. 
[001 3] In addition, there has been the problem that by 
using the conventional annealing apparatus or anneal- 
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ing method far the annealing of a single crystal of cal- 
cium fluoride that is cut out into an appropriate size, It is 
impossible to obtain a single crystal of calcium fluoride 
with a satisfactory small strain (birefringence) (low 
strain within an acceptable range), which can be used 
for precision optical systems, such as excimer laser 
steppers. 

[001 4] Moreover, due to the enlargement of the diam- 
eter and the increase in mass of the single crystal of flu- 
oride as an optical member, the problem in removing 
strain/birefringence (reduction of strain/birefringence) is 
becoming more and more difficult 

SUMMARY OF THE INVENTION 

[001 5] Accordingly, the present invention is directed to 
a method for annealing a single crystal of fluoride and a 
method for manufacturing the same that substantially 
obviate the problems due to limitations and disadvan- 
tages of the related art. 

[001 6] An object of the present invention is to provide 
annealing and manufacturing methods for a single crys- 
tal of fluoride which is appropriate for optical systems, 
such as lens and window material, for various apparatus 
that utilize lasers in the ultraviolet or vacuum ultraviolet 
wavelength range, CVD apparatus, and nuclear fusion 
apparatus. Such a single crystal of fluoride is appropri- 
ate for high precision optical systems for photolithogra- 
phy with wavelengths of 250 nm or less (for example, 
photolithography that utilizes KrF or ArF excimer lasers, 
F 2 lasers or solid-state lasers with non-linear optical 
crystals). 

[0017] Additional features and advantages of the 
invention will be set forth in the description that follows, 
and in part will be apparent from the description, or may 
be learned by practice of the invention. The objectives 
and other advantages of the invention will be realized 
and attained by the structure particularly pointed out in 
the written description and claims hereof as well as the 
appended drawings. 

[0018] To achieve these and other advantages and in 
accordance with the purpose of the present invention, 
as embodied and broadly described, the present inven- 
tion provides an annealing method for a single crystal of 
fluoride, the method including the steps of removing at 
least one of attached objects and absorbed objects from 
the surface of the single crystal of fluoride to clean the 
surface; and thereafter annealing the single crystal of 
fluoride, including heating the single crystal of fluoride 
and gradually cooling the heated single crystal of fluo- 
ride. 

[0019] In another aspect, the present invention pro- 
vides an annealing method for a single crystal of fluo- 
ride, the method including the steps of annealing the 
single crystal of fluoride, including heating the single 
crystal of fluoride and gradually cooling the heated sin- 
gle crystal of fluoride; and removing a deteriorated layer 
which is formed on the surface of the single crystal of 



fluoride during the annealing step. 
[0020] In another aspect, the present invention pro- 
vides an annealing method for a single crystal of fluo- 
ride, the method including the steps of removing at least 

5 one of attached objects and absorbed objects from the 
surface of the single crystal of fluoride to clean the sur- 
face; thereafter annealing the single crystal of fluoride, 
including heating the single crystal of fluoride and grad- 
ually cooling the heated single crystal of fluoride; and 

io removing a deteriorated layer which Is formed on the 
surface of the single crystal of fluoride during the 
annealing step. 

[0021] In another aspect, the present invention pro- 
vides a manufacturing method of a high quality single 
is crystal of fluoride, the method including the steps of 
growing a single crystal of fluoride by fusing a fluoride 
material in a crucible and gradually cooling the fused 
fluoride material; removing at least one of attached 
objects and absorbed objects from the surface of the 

20 single crystal of fluoride to clean the surface; and there- 
after annealing the single crystal of fluoride, including 
heating the single crystal of fluoride and gradually cool- 
ing the heated single crystal of fluoride. 
[0022] In another aspect, the present invention pro- 

25 vides a manufacturing method of a high quality single 
crystal of fluoride, the method including the steps of 
growing a single crystal of fluoride by fusing a fluoride 
material in a crucible and gradually cooling the fused 
fluoride material; annealing the single crystal of fluoride, 

30 including heating the single crystal of fluoride and grad- 
ually cooling the heated single crystal of fluoride; and 
removing a deteriorated layer which is formed on the 
surface of the single crystal of fluoride during the 
annealing step. 

35 [0023] In a further aspect, the present invention pro- 
vides a manufacturing method of a high quality single 
crystal of fluoride, the method including the steps of 
growing a single crystal of fluoride by fusing a fluoride 
material in a crucible and gradually cooling the fused 

40 fluoride material; removing at least one of attached 
objects and absorbed objects from the surface of the 
single crystal of fluoride to clean the surface; thereafter 
annealing the single crystal of fluoride, including heat- 
ing the single crystal of fluoride and gradually cooling 

45 the heated single crystal of fluoride; and removing a 
deteriorated layer which is formed on the surface of the 
single crystal of fluoride during the annealing step. 
[0024] It is to be understood that both the foregoing 
general description and the following detailed descrip- 

so tion are exemplary and explanatory and are intended to 
provide further explanation of the invention as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

55 [0025] The accompanying drawings, which are 
included to provide a further understanding of the inven- 
tion and are incorporated in and constitute a part of this 
specification, illustrate embodiments of the invention 
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and together with the description serve to explain the 
principles of the invention. 
[0026] In the drawings: 

FIG. 1 is a schematic cross-sectional view of an s 
annealing apparatus according to a preferred 
embodiment of the present invention; and 
FIG. 2 is a schematic cross-sectional view of an 
annealing apparatus according to another preferred 
embodiment of the present invention. w 

DETAILED DESCRIPTIONS OF THE INVENTION 
AND THE PREFERRED EMBODIMENTS 

[0027] The inventors of the present invention have dis- is 
covered that the causes of the haze generated inside 
the single crystal of fluoride upon annealing are foreign 
objects, impurities, moisture, and oxygen components 
that are attached to or absorbed in the surface of the 
object annealed. Therefore, in the present invention, a 20 
process for cleaning the surface of the single crystal of 
fluoride is conducted prior to the annealing. In other 
words, the present Invention provides an annealing 
method for a single crystal of fluoride, including the 
cleaning steps of cleaning the surface to remove 25 
attached or absorbed objects on the surface of the sin- 
gle crystal of fluoride and the annealing step of anneal- 
ing the single crystal of fluoride such that after the single 
crystal of fluoride, from which the absorbed or attached 
objects are removed, is placed under heat, the single 30 
crystal is gradually cooled. 

[0028] Furthermore, the inventors of the present 
invention have discovered that even for a single crystal 
of fluoride that went through the cleaning process, its 
surface is etched due to the heat and the existence of a 35 
fluorination agent during the annealing. The deterio- 
rated layer due to this etching may deteriorate the qual- 
ity of the single crystal of fluoride, 
[0029] In the present Invention, a deteriorated layer 
removal process is provided to remove the deteriorated 40 
layer formed on the single crystal of fluoride after the 
annealing. In other words, the present invention pro- 
vides an annealing method for annealing a single crys- 
tal of fluoride, including an annealing process including 
gradually cooling the single crystal of fluoride after 45 
maintaining under heat the single crystal of fluoride and 
a deteriorated layer removal process for removing the 
deteriorated layer formed on the surface of the single 
crystal of fluoride due to the annealing. 
[0030] Even if only one of the surface cleaning proc- so 
ess before annealing or the deteriorated layer removal 
process after the annealing is carried our, it is possible 
to effectively maintain the high transmittance of the 
resultant single crystal of fluoride. However, since the 
mechanism to maintain the high transmittance (namely 55 
to prevent the reduction of transmittance) for each proc- 
ess is different, even better results can be obtained by 
carrying out both processes. 



[0031] Next, the present inventors investigated the 
strain (birefringence) generated due to annealing, and 
found that a key is whether the entire single crystal of 
fluoride can be uniformly heated and cooled by main- 
taining the desired temperature distribution inside the 
furnace of the annealing apparatus (annealing cham- 
ber) used for the annealing of the single crystal of fluo- 
ride. 

[0032] In addition, a single crystal of calcium fluoride 
with satisfactory strain characteristics that is acceptable 
for use in high-precision optical systems, such as for 
excimer laser stoppers, was successfully obtained by 
having a narrow distribution of the internal temperature 
in the single crystal of fluoride during the annealing 
process, specifically, by controlling the distribution 
range (fluctuation) of the internal temperature to be 
within about 5°C or less. Thus, in another aspect, the 
present invention provides an annealing method for a 
single crystal of fluoride wherein the distribution range 
(fluctuation) of the internal temperature of the single 
crystal of fluoride is always controlled to be within 5°C or 
less. 

[0033] Furthermore, in still another aspect, the 
present invention provides a manufacturing method for 
a single crystal of fluoride using the above-mentioned 
annealing method. In other words, the manufacturing 
method of a single crystal of fluoride according to the 
present invention includes a crystal growth step in 
which after the fluoride material is fused in a crucible for 
crystal growth, a single crystal of fluoride is grown by 
gradually cooling it, and an annealing step in which after 
the single crystal of fluoride is maintained under heat, it 
is gradually cooled. In addition, the method further 
includes a surface cleaning step for removing absorbed 
or attached objects on the surface of the single crystal 
of fluoride before the annealing process, and/or a dete- 
riorated layer removal step for removing a deteriorated 
layer formed on the surface of the single crystal of fluo- 
ride due to the annealing process after the annealing 
process. 

[0034] Reference will now be made in detail to the pre- 
ferred embodiments of the present invention, examples 
of which are illustrated in the accompanying drawings. 
[0035] In a first aspect of the present invention, the 
annealing method of the present invention includes a 
cleaning process for removing foreign objects, impuri- 
ties, moisture, or oxygen absorbed or attached on the 
surface of the single crystal of fluoride which is to be 
annealed. With this annealing method of the present 
invention, foreign objects, impurities, moisture, or oxy- 
gen components, which cause the reduction of the 
transmittance and increase scattering (generation of 
haze) in a single crystal of fluoride to be annealed dur- 
ing the annealing, are removed from the surface of the 
single crystal of fluoride before the annealing process. 
Therefore, it is possible to obtain extremely high quality 
single crystals of fluoride with high transmittance with- 
out haze or scattering. 
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[0036] The foreign objects and impurities can be 
removed by ultrasonic cleaning or scrub cleaning using 
detergents (anionic, cationic, or neutral detergent), 
organic solvent; acids, alkali, or the like, or by using a 
cleaning treatment with ultraviolet light or ozone. Also, 5 
for the visibly recognizable impurities, it is possible to 
remove such impurities by rubbing the single crystal of 
calcium fluoride with another crystal of calcium fluoride. 
[0037] It is possible to remove moisture and oxygen 
components by vacuuming and heating (approximately w 
to several hundred degrees) using vacuum apparatus. 
In order to remove the oxygen component or moisture 
from the container more thoroughly, it is desirable to, 
after carrying out the vacuuming process once, intro- 
duce an inert gas into the container and then carry out 75 
the vacuuming process again. 

[0038] In a second aspect of the present invention, the 
annealing method includes, after carrying out the 
annealing, a deteriorated layer removal process for 
removing a deteriorated layer formed on the single crys- 20 
tal of fluoride. In general, during the annealing of a sin- 
gle crystal of fluoride, a fluorination agent, such as 
Teflon or an acidic ammonium fluoride, is enclosed in 
the container together with the single crystal of fluoride. 
When annealing is carried out under this condition, the 2s 
surface or surface layer of the single crystal of fluoride is 
damaged by being etched by heat and the fluorination 
agent. This damage due to the etching causes a reduc- 
tion of the transmittance of the single crystal of fluoride. 
Therefore, in the annealing method of the present 30 
invention, the deteriorated layer generated by the etch- 
ing is removed by grinding, for example. The deterio- 
rated layer is a few millimeters or less with regular 
annealing. Therefore, the acceptable thickness of the 
layer to be removed is approximately 0. 1 to 1 .5 mm, for 35 
example. 

[0039] As described above, the annealing method of 
the present Invention can provide a high-quality single 
crystal of fluoride with high transmittance and with very 
little haze and light scattering. 40 
[0040] It is desirable for the annealing of the present 
invention to be carried out in an oxygen-free atmos- 
phere (vacuum atmosphere, inert gas atmosphere, fluo- 
rine gas atmosphere, etc.) in order to prevent oxidation 
of the single crystal of fluoride. In addition, when the 45 
durability of the airtight container is taken into account, 
it is desirable that the above-mentioned oxygen-free 
atmosphere be an inert gas atmosphere or a fluorine 
gas atmosphere and that the pressure thereof in the 
container be equal to (or approximately equal to) the so 
atmospheric pressure outside the container. 
[0041] Moreover, in the annealing method of the 
present invention, in order to obtain a single crystal of 
fluoride with little strain (birefringence), it is desirable to 
control the distribution range (fluctuation) of the internal 55 
temperature of the single crystal of fluoride during the 
annealing process to be always within about 5°C or 



[0042] The distribution of the internal temperature of 
the single crystal of fluoride during the annealing proc- 
ess may cause the generation of residual stress inside 
the single crystal of fluoride. Therefore, in the present 
invention, the distribution of the internal temperature of 
the single crystal of fluoride is controlled to be within a 
very narrow range by optimizing the temperature sched- 
ule, heaters, and other structures of the annealing 
apparatus during the annealing to be consistent with the 
single crystal of fluoride to be processed. 
[0043] As described above, for the anneal carried out 
in order to obtain a single crystal of fluoride that is 
acceptable for use in a high-precision optical system, 
such as an optical system for photolithography with a 
wavelength of 250 nm or less (for example, photolithog- 
raphy using KrF or ArF excimer lasers, F 2 lasers, or 
solid-state lasers with non-linear optical crystals), it is 
essential that the entire single crystal of fluoride can be 
uniformly heated and cooled by maintaining the desira- 
ble temperature distribution range in the furnace of the 
annealing apparatus (annealing chamber) that is used. 
[0044] Therefore, in the present invention, it is desira- 
ble to use the annealing apparatus which includes a 
container that can be made airtight where the single 
crystal of fluoride is enclosed and multiple heaters that 
can be individually controlled and arranged outside of 
the container. 

[0045] The annealing apparatus that is used effec- 
tively in the present invention is described as follows. 
One of the features of the annealing apparatus of the 
present invention is to provide thermal insulation mem- 
bers inside the container, which prevent thermal trans- 
mission from the inside of the airtight container to the 
outside of the container. If the single crystal of fluoride is 
enclosed in an enclosure (enclosure for enclosing the 
annealed product), the thermal insulation members may 
also be enclosed in the enclosure enclosing the prod- 
ucts to be annealed. 

[0046] As described above, by providing thermal Insu- 
lation members inside the airtight container it is possible 
to make the temperature distribution in the single crystal 
of fluoride more uniform by significantly reducing the 
temperature difference inside the airtight container. As a 
result, all the strains of the single crystal of fluoride sub- 
jected to annealing are removed or reduced from the 
single crystal of fluoride (in particular, a single crystal of 
fluoride with a large diameter), providing single crystal 
fluoride which can be used for the above-mentioned 
high-precision optical systems. 
[0047] The thermal insulation members of the present 
Invention can be arranged, for example, at locations 
inside the container where the amount of thermal trans- 
mission from the inside of the airtight container to the 
outside of the container are greater than the amount of 
thermal transmission from the outside of the container 
to the inside of the container. Alternatively, they can be 
arranged at other appropriate locations in the container 
enclosing the products to be annealed. Such locations 
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include, for example, to places where it is extremely 
easy for heat inside the airtight container to escape to 
the outside of the container. Therefore, when thermal 
insulation members are arranged at these locations, it is 
possible to significantly reduce the temperature differ- 5 
ences inside the container during the annealing. 
[0048] Particularly, it is desirable for the members to 
be arranged at the locations where the heaters of the 
annealing apparatus are not arranged; for example, 
inside the airtight container corresponding to the top or 10 
bottom of the annealing apparatus. 
[0049] A specific example for arrangement of the ther- 
mal insulation members is shown in FIG. 2. A plurality of 
plate-shaped members 19 and 20 are arranged at the 
top and bottom edges and at the inside of the container 15 
for the annealing apparatus and the heaters 13, 14 and 
1 5 are arranged only on both outer side portions of con- 
tainer 1 1 . There are no heaters on the outer top and bot- 
tom portions of the container 1 1 . 

[0050] In particular, the plurality of plate-shaped mem- 20 
bers 19 provided on the top portion of container 1 1 are 
adapted to be detachable when the annealing object is 
placed in or removed from the airtight container. 
Because it is difficult to arrange heaters on the top por- 
tion of container 1 1 due to the placing and removing 25 
operation of the annealing object and due to vacuuming 
operation through vacuum pump P, it is particularly 
effective to arrange thermal insulation members on this 
portion. 

[0051] The plurality of plate-shaped members 1 9 and 30 
the plurality of plate-shaped members 20 provided on 
the bottom portion are plate-shaped members with 
each being arranged so as to cover the inner cross-sec- 
tion of the container as well as being arranged as isola- 
tion from each other. 35 
[0052] Multiple plate-shaped members 1 9 provided on 
the top portion of container 1 1 do not seal the container 
1 1. Therefore, oven though they are covering the inner 
cross-section of the container, it is possible to have a 
passage inside the container for the vacuuming con- 40 
ducted by vacuum pump P through vacuuming pipe V. 
[0053] Another example of the thermal insulation 
members are shown in FIG. 1. In FIG. 1, a plurality of 
plate^shaped members 9 and 10 are provided on the 
top and bottom portions of the inside of a first container 45 
2 installed in an annealing apparatus. The annealing 
apparatus has heaters 3. 4. and 5 arranged on both side 
portions on the outside of a second container 1. No 
heater is provided on the top and bottom portions on the 
outside of the second container 1 , so 
[0054] The plurality of plate-shaped members 9 and 
1 0 each are arranged to cover the inner cross-section of 
the container 2, and each of them is arranged in isola- 
tion from each other. It is desirable that the thermal insu- 
lation members of the present invention be arranged in ss 
isolation from each other and each space between the 
members be structured with space and/or some 
medium having a lower thermal conductivity than the 



members. This structure further prevents the heat 
inside the airtight container from escaping to the outside 
of the container so that a greater uniformity of the tem- 
perature distribution can be achieved inside the con- 
tainer during the annealing. 

[0055] Examples of the space that has a lower thermal 
conductivity than the plate-shaped members are a vac- 
uumed space and a space filled with inert gas. Exam- 
ples of the medium that has a lower thermal conductivity 
than the plate-shaped members are. in the case that the 
plate-shaped members are metal members, carbon, 
carbon felt, carbon powder, carbon particles, ceramic 
fibers (alumina fibers, zirconia fibers, etc.), fluoride 
crystals, and ceramics (BN, SiC. SiN, alumina, zirconia, 
etc.), which have the melting points substantially equal 
to or greater than the single crystal of fluoride. 
[0056] Also, it is quite effective to arrange the thermal 
insulation members of the present invention at the loca- 
tions where the heat transferring amount from the out- 
side of the airtight container to the inside of the 
container is greater than the hear transferring amount 
from the inside of the container to the outside of the con- 
tainer. In this case, the thermal insulation members are 
preferably one or two or more plate-shaped members 
arranged next to or close to the single crystal of fluoride 
such that the surfaces of the members are parallel (or 
approximately parallel) to the direction along which the 
greatest heat transfer from the outside of the airtight 
container to the inside of the container occurs. With 
such a configuration, since the plate-shaped members 
are parallel (or approximately parallel) to the direction 
along which the greatest heat transfer into the above- 
mentioned container (or first container) occurs, the 
desired thermal flow into the container is hardly 
affected. Furthermore, the plate-shaped members are 
provided next to or close to the singe crystal of fluoride. 
Therefore, the plate-shaped members prevent the 
escape of heat from the single crystal of fluoride that is 
the object of the annealing (in particular, the heat loss in 
the direction perpendicular to the direction along which 
the greatest heat transfer occurs). As a result, it is pos- 
sible to achieve an even better uniform temperature dis- 
tribution in the single crystal of fluoride to be annealed. 
[0057] When more than one single crystal of fluoride 
is to be annealed at the same time, the annealing is car- 
ried out by placing each single crystal of fluoride on a 
plurality of shelves S arranged inside the container 1 or 
2, as shown in FIG. 1 and FIG. 2. These shelves may be 
constructed of the plate-shaped members described 
above. When these shelves are not constructed of the 
plate-shaped members, the plate-shaped members and 
single crystals of fluoride can be placed on each shelf. 
In this case, it is desirable to provide supporting parts to 
form a space (space with a lower thermal conductivity 
than that of the shelves) between the shelves and plate- 
shaped members so that the temperature distribution in 
the single crystals of fluoride, which are the object to be 
annealed, can be made more uniform. 
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[0058] An example of the thermal insulation member 
that can be used in the present invention includes a 
member having a melting point equivalent to or higher 
than that of the single crystal of fluoride and having at 
least its surface made of a metal element or alloy that 5 
has an electrical resistance equivalent to or lower than 
that of titanium. It is preferable for the heating insulation 
member to have at least its surface made of such a 
metal element or alloy with a low electrical resistance 
because such a metal element or alloy has a superior w 
heat ray (infrared) reflection property due to its plasma 
oscillation of the conduction electrons. 
[0059] Examples of the metal elements or alloys that 
have such a low electrical resistance include titanium, 
molybdenum, chrome, cobalt, zirconium, tungsten, tan- 15 
talum, niobium, nickel, platinum, vanadium, molybde- 
num, ruthenium, rhenium, rhodium, their alloys, and 
stainless steel. 

[0060] Also, the thermal insulation member having not 
only a superior heat ray (infrared) reflection property but 20 
also a low thermal conductivity may be used in the 
present invention. Such thermal insulation members 
with a low thermal conductivity may be constructed of 
carbon, fluoride crystals (f luorite, polycrystal of fluorite, 
fluorite with defects such as inclusions) or ceramics 25 
(BN, SiC. SiN. alumina, zirconia, etc.) that have a melt- 
ing point equivalent to or higher than that of the single 
crystal of fluoride. 

[0061 ] Moreover, a member filled with carbon felt, car- 
bon powders, carbon particles, or ceramic fibers (alu- 30 
mina fibers, zirconia fibers, etc.), which have a melting 
point equivalent to or higher than that of the single crys- 
tal of fluoride, may be used as the thermal insulation 
member of the present invention having a low thermal 
conductivity. 35 
[0062] A method for controlling the internal tempera- 
ture distribution range in the single crystal of fluoride to 
be within about 5°C or less during the annealing using 
the above-mentioned annealing apparatus is described 
next. 40 
[0063] For example, as shown in FIGs. 1 and 2, three 
(3) separate heaters, a top, middle, and bottom heaters, 
may be provided at both sides at the outside of the con- 
tainer 11 (or the second container for enclosing the 
annealed product) and the temperature of each heater 45 
is individually controlled. 

[0064] A single crystal of f luoride, which is the object 
to be annealed, is placed in the annealing apparatus. 
Then, the distribution range of the internal temperature 
in the single crystal of fluoride can be controlled within so 
about 5°C or less by making the distribution of the inter- 
nal temperature in the container 1 1 (or the second con- 
tainer 1) uniform. This is done by setting the heating 
temperatures of heaters 3 and 5, which are close to the 
top portion and the bottom portion of the container 1 1 55 
(or the second container 1 for enclosing the annealed 
product), respectively, where heat losses are relatively 
large, to a temperature higher than that of the middle 



heater 4. Middle heater 4 is close to the center portion 
of the container 1 1 (or the second container 1) where 
heat flowing in is greater than the heat loss. 
[0065] When more than one single crystal of fluoride 
is to be annealed at the same time, as described above, 
annealing is carried out by placing each single crystal of 
fluoride on one of the plurality of shelves arranged in the 
container 1 1 (or first container 2). When the number or 
single crystals of fluoride to be annealed at the same 
time is increased and the length of the container 1 1 (or 
the second container 1) becomes larger accordingly, it 
is preferable to increase the number of the separate 
heaters that can be individually controlled in accord- 
ance with the increase in the length of the container. In 
this way, it is easier to control the internal temperature 
distribution of the container 1 1 (or the second container 
1) so as to keep the distribution range of the internal 
temperature of the single crystal of fluoride within about 
5°C or less. 

[0066] Also, additional heater(s) maybe provided at 
the bottom portion of the outside of the container 1 1 (or 
the second container 1). In this case, plate-shaped 
members 10 and 20 are not necessary 
[0067] As described above, when the distribution 
range of the internal temperature in the single crystal of 
fluoride is maintained to be within about 5°C or less, it is 
possible to remove all the stains or to reduce the strains 
in the single crystal of fluoride which is object to be 
annealed. 

[0068] By using the above-mentioned annealing 
apparatus, when annealing the single crystal of fluoride 
with the annealing method of the present invention, it is 
possible to obtain a single crystal of fluoride (in particu- 
lar, a single crystal of fluoride with a large diameter) that 
is acceptable for use in a high-precision optical system, 
such as optical systems for photolithography with wave- 
lengths of 250 nm or less (for example, photolithography 
using KrF or ArF excimer laser, F2 lasers or solid-state 
lasers with non-linear optical crystals). 
[0069] In more detail, the annealing process in the 
annealing method and the manufacturing method for a 
single crystal of fluoride according to the present Inven- 
tion includes the following steps: 

The step of holding the single crystal of fluoride, 
from which absorbed or attached objects are 
removed, in an airtight container of an annealing 
apparatus; 

The step of vacuuming the inside of the airtight con- 
tainer until the inside of the airtight container 
reaches a predetermined vacuum level; 
The step of heating the container that was vacu- 
umed to a predetermined temperature; 
The step of maintaining the predetermined temper- 
ature of the container for a predetermined period of 
time; and 

The step of gradually cooling the container that was 
maintained at the predetermined high temperature. 
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[0070] In the vacuuming step above, the predeter- 
mined vacuum level may be arbitrary. However, in gen- 
eral, vacuuming is carried out until the pressure reaches 
about 10" 1 Pa to 10" 5 Pa. Normally, a rotary pump is 
used to vacuum the container up to a pressure of about 5 
10" 1 Pa, end a diffusion pump is used to vacuum the 
container to a pressure of about 10~ 5 Pa. 
[0071] The purpose of the vacuuming process is to 
remove moisture and oxygen components from the 
atmosphere. It is also possible to introduce an inert gas 10 
after these components have been removed by the vac- 
uuming. In addition, in order to remove the oxygen com- 
ponent and moisture from the container more 
thoroughly, it is preferable to perform an additional vac- 
uuming process after an inert gas is introduced into the 15 
container following the first vacuuming process. 
[0072] The heating speed of the heating process may 
be arbitrary. This is because fluctuation of the interna! 
temperature in the single crystal of fluoride during this 
process has little effect on generation of strains (bire- 20 
fringence) in the resultant single crystal of fluoride. 
Therefore, it is not necessary to maintain the tempera- 
ture distribution within about 5°C or less, and heating 
can be carried out at a high speed as long as the single 
crystal of calcium fluoride does not generate cracks. 25 
[0073] When maintaining the predetermined high tem- 
perature, it is preferable for this temperature to be close 
to the melting point of the single crystal of fluoride. For 
example, in the case of a single crystal of calcium fluo- 
ride, the desired temperature is about 1300°C. How- 30 
ever, by taking into account the durability of the 
annealing apparatus, it is preferable to maintain the 
temperature at approximately 1200°C or less. When the 
annealing temperature is 900°C or less, the annealing 
process is not effective. Therefore, it is preferable to 35 
maintain the annealing temperature of 900°C or more. 
[0074] The step of cooling is important because it may 
have great effects on generation of strains (birefrin- 
gence) in the resultant single crystal of fluoride, ft is 
preferable to control the speed at which the temperature 40 
is lowered to be about 5°C/hr or less. Also, it is more 
preferable to have a phased schedule for the cooling 
such that the temperature is lowered from the predeter- 
mined annealing temperature to a first predetermined 
temperature with a cooling rate of l°C/hr or less, for 45 
example, and is subsequently lowered to room temper- 
ature with a slightly higher rate of cooling, 5°C/hr or 
less. In either case, the annealed single crystal of fluo- 
ride is cooled such that the distribution range of the 
internal temperature in the single crystal of fluoride is so 
maintained within 5°C or less. 

[0075] By conducting the above-described annealing 
control, the residual stress or strains in the resultant sin- 
gle crystal of fluoride can be reduced. 
[0076] Examples of single crystals of fluoride that are 55 
subjected to the annealing of the present invention are, 
calcium fluoride, magnesium fluoride, barium fluoride, 
lithium fluoride, sodium fluoride, and strontium fluoride. 



[0077] When the annealing method described above 
is conducted in a process of the manufacturing a single 
crystal of fluoride, such a process corresponds to a 
manufacturing method of a single crystal of fluoride 
according to the present invention. The manufacturing 
method of a single crystal of fluoride according to the 
present invention is described in more detail below. 
[0078] For the case of a single crystal of calcium fluo- 
ride used in the ultraviolet range or vacuum ultraviolet 
range, natural calcium fluoride is not usually used as the 
raw material. Instead, chemically synthesized materials 
with a high purity are used. 

[0079] It is possible to use the raw material in its pow- 
der state. However, in this case, there is a great reduc- 
tion in volume while it is melted. Therefore, a half -fused 
product or its smashed product (pre-processed product) 
is usually used. A more preferable fluoride material is 
pre-processed product in collet or lump form. Such a 
material can be obtained through a pre-process in 
which a fluoride material and a scavenger are mixed 
and melted in a crucible, and the pre-processed product 
is obtained by gradually cooling them. 
[0080] To manufacture a single crystal of fluoride (for 
example, a single crystal of calcium fluoride), a crucible 
filled with the above-mentioned material is placed in a 
growth apparatus with the inside of the growth appara- 
tus maintained at a vacuum pressure of about 1 0' 3 Pa to 
about 10- 4 Pa. 

[0081 ] Next, the temperature inside the growth appa- 
ratus is raised to the melting point of the single crystal of 
calcium fluoride or higher (approximately 1370°C to 
1450°C) and the material inside the crucible is fused. At 
this time, in order to prevent temporal temperature 
changes inside the growth apparatus, the temperature 
is controlled by a constant-power output or high preci- 
sion PID control. 

[0082] At the growth stage of the crystal, the material 
is gradually crystallized from the bottom of the crucible 
by lowering the crucible at a speed of about 0.1 mm to 
about 5 mm per hour. When the material is crystallized 
up to the top, the crystal growth is completed, and a 
grown crystal (ingot) is gradually cooled down so that it 
does not crack. When the temperature inside the growth 
apparatus is lowered to room temperature, the appara- 
tus is opened to the atmosphere and the ingot is taken 
out. 

[0083] The ingot obtained as above is cut into desired 
sizes or processed, and then the annealing process of 
the present invention is conducted. In the manufacturing 
method of a single crystal of fluoride according to the 
present invention, a surface cleaning process is prefer- 
ably conducted immediately before the annealing proc- 
ess after the ingot obtained through the crystal growth is 
cut out and/or processed. 

[0084] The annealing and manufacturing methods of 
the present invention are not limited to application to the 
manufacture of a single crystal of fluoride but are also 
applicable to a single crystal material and a single crys- 
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tal member other than fluoride crystals. 
[0085] The present invention is described in more 
detail referring to working examples. However, the 
present invention is not limited to these examples. 

5 

Working Examples 

An Example Of The Annealing Process With A Surface 
Cleaning Step And A Deteriorated Laver Removal Proc- 
ess 10 

[0086] First, single crystals of calcium fluoride to be 
annealed (external diameter of 250 mm to 300 mm) 
were prepared. Foreign objects and impurities 
absorbed or attached to the respective surface of each is 
crystal were removed with an organic mixed solvent of 
acetone and ethanol to clean the surfaces (surface 
cleaning process). 

[0087] Next, a container (container for enclosing the 
products to be annealed), which enclosed a f luorination 20 
agent (acidic ammonium fluoride) and the single crys- 
tals of calcium fluoride to which a cleaning process was 
applied, was placed in an airtight container of an 
annealing apparatus, and the airtight container was 
sealed. The airtight container was then vacuumed up to 25 
a predetermined vacuum level (about 10' 1 Pa or less), 
and then the vacuuming was stopped (vacuuming proc- 
ess). 

[0088] By heating the airtight container with heaters 
arranged at the outside of the airtight container, the 30 
temperature inside the airtight container and thus the 
temperature of the container enclosing the products to 
be annealed were raised to vaporize the fluorination 
agent. Accordingly, a fluorine atmosphere was created 
inside the container (heating process). 35 
[0089] Then, the temperature inside the container was 
maintained at a predetermined temperature (1200°C) 
for a predetermined period of time (24 hours) (process 
for maintaining a high temperature). 
[0090] Next, by controlling the heaters, the tempera- 40 
ture inside the container was gradually lowered, and 
then the airtight container was opened to the atmos- 
phere (cooling process). 

[0091] At this point, it was found that due to the 
annealing atmosphere and the heat during the anneal- 45 
ing process, the surfaces of the single crystals of cal- 
cium fluoride, which were taken out from the container, 
were etched and deteriorated layers were formed ther- 
eon. 

[0092] The surfaces of the single crystals of calcium so 
fluoride were ground to remove the deteriorated layers 
(deteriorated layer removal process). 
[0093] The transmittance of the obtained single crys- 
tals of calcium fluoride were measured. The bulk trans- 
mittance (transmittance subtracting the effect of losses 55 
due to the surface reflection) was found to be 99% or 
more at a wavelength of 1 93 run. 
[0094] ft is considered that foreign objects and impu- 



rities, which cause reduction in transmittance and 
increase scattering (generation of haze) in the single 
crystal of calcium fluoride upon annealing the crystal, 
are attached during cutting and/or rounding processes 
which are conducted prior to the annealing process. In 
the present example, these foreign objects and impuri- 
ties were removed from the surface of the single crystal 
of calcium fluoride before the annealing. Accordingly, 
very high quality single crystals of fluoride having a high 
transmittance without haze and scattering were 
obtained. 

[0095] Also the annealing was conducted without 
cleaning the surface of the crystal in advance. In this 
case, foreign objects and impurities on the surface dif- 
fuse into the inside of the single crystal of calcium fluo- 
ride. Therefore, even though the deteriorated layer was 
removed after the annealing, the bulk transmittance of 
such a single crystal of calcium fluoride was found to be 
90% or less at 193 nm. 

[0096] As described above, when a single crystal of 
calcium fluoride was annealed with the method of the 
present example, the resultant single crystal of calcium 
fluoride which is acceptable for use in high-precision 
optical systems, such as an optical system for photoli- 
thography with a wavelength of 250 nm or less (for 
example, photolithography using KrF or ArF excimer 
lasers, F 2 lasers, and solid-state lasers with non-linear 
optical crystal) was obtained. 

An Example Of The Annealing Method Which Reduces 
The The Distributing Range (Fluctuation) Of The Inter- 
nal Temperature Of A Single Crystal Of Fluoride 

[0097] FIG. 1 is a schematic cross-sectional view of 
an annealing apparatus of the present example. The 
annealing apparatus includes a first container 2 for 
enclosing single crystals of calcium fluoride 8. an air- 
tight second container 1 to be sealed and vacuumed 
after the first container 2 containing the single crystals 
of calcium fluoride 8 are placed in the inside, and a plu- 
rality of heaters 3, 4, and 5, located on the outside of the 
second container 1 . The heaters 3, 4, and 5 can be indi- 
vidually controlled. Also provided in the first container 
are thermal insulation members 9, 10, and S which pre- 
vent thermal conduction from the inside of the first con- 
tainer 2 to the outside of the first container 2. 
[0098] The thermal insulation members 9 and 10 are 
multiple plate-shaped members 9 (5 pieces) and 10 (4 
pieces) provided on the top portion and the bottom por- 
tion, respectively, inside the first container 2. Each 
member is adapted to cover the cross-section of the 
container and to be isolated from each other. The plate- 
shaped members 9 and 10 are made of carbon which 
has a superior heat my (infrared) reflection property and 
a relatively low thermal conductivity. Moreover, as 
shown in the figure, spaces having a lower thermal con- 
ductivity than that of the members 9 and 10 are pro- 
vided between adjacent members. 
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[0099] The thermal insulation members S are multiple 
plate-shaped members S (they also function as shelves 
for placing single crystals of calcium fluoride thereon) 
arranged such that the surface of each member is par- 
allel (or approximately parallel) to the direction along 5 
which the greatest heat transfer from the outside of the 
first container to the inside of the first container occurs. 
The thermal insulation members S are also arranged 
adjacent to the single crystals of calcium fluoride. 
[0100] The plate-shaped members S are arranged in + 
parallel (or approximately parallel) with the direction 
along which the greatest heat transfer into the first con- 
tainer occurs. Therefore, the members S hardly affect 
the heat flow into the first container. Moreover, because 
the members S are arranged adjacent to the single n 
crystals of calcium fluoride, they prevent heat loss (in 
particular, the heat loss in the direction perpendicular to 
the direction of the greatest heat transfer) from the sin- 
gle crystals of calcium fluoride which is subjected to the 
annealing. As a result, a uniform temperature distribu- 2c 
tion can be obtained in each of the single crystals of cal- 
cium fluoride. 

[0101] The first container is preferably made of mate- 
rial having a high thermal conductivity, a low heat ray 
reflectivity, and a melting point equivalent to or higher 25 
than that of the single crystal of calcium fluoride. In this 
example, the first container was made of carbon which 
has a high thermal conductivity in the direction of the 
thickness of the container walls and has a low thermal 
conductivity in the direction of the length of the con- 30 
tainer walls. 

[0102] For the plate-shaped members (shelves) S or 
plate-shaped members 9 and 10 provided close to and 
above the single crystal of calcium fluoride, carbon, 
which has a melting point equivalent to or higher than 35 
that of the single crystal of calcium fluoride, was used. 
[01 03] In the apparatus of the present example, three 
separate heaters; top, middle and bottom heaters, were 
provided at both side portions at the outside of the sec- 
ond container 1 , and each heater was individually con- 40 
trolled. Accordingly, the internal temperature 
distributions in the single crystals of calcium fluoride 8 
were made uniform by making the temperature distribu- 
tion in the second container 1 uniform. This was done 
by setting the heating temperatures of heaters 3 and 5, 45 
which are located near the top portion and the bottom 
portion of the container 1 (or second container 1), 
respectively, where heat losses are relatively easily 
occur to a higher temperature than that of the middle 
heater 4. This is effective because the middle heater 4 so 
is close to the center portion of the second container 1 
where the heat flow-in is greater than the heat loss and 
the single crystals of calcium fluoride 8 to be annealed 
are placed. 

[01 04] When an annealing apparatus has an opening ss 
at the top portion of the airtight container for handling 
crystals, as in the present example, the top portion of 
the airtight container usually has a greater heat loss, 



and the temperature near the top portion becomes rela- 
tively low. Therefore, by individually controlling the heat- 
ers using two circuits, a desirable temperature 
distrtoution can be achieved in the airtight container. 
[0105] When the bottom portion of an airtight con- 
tainer has a mounting surface, the temperature of the 
bottom portion of the airtight container tends to become 
low. By reinforcing the insulators, it is possible to pre- 
vent the lowering of the temperature at the bottom por- 
» tion to a certain extent. However, in order to create a 
more desirable temperature distribution, heaters were 
individually controlled using three circuits in the present 
example. 

[01 06] The temperature distribution inside the airtight 
container was measured using thermocouples 6. It was 
found that the uniformity in the temperature distribution 
can be significantly improved over the case in which the 
thermal insulation members of the present invention are 
not provided-the isothermal length was roughly dou- 
bled, and the difference in temperature at point A and 
point B in the FIG. 1 was improved from 12° C to 2°C. 
[0107] With the annealing apparatus of the present 
example having the above described structure, it is pos- 
sible to make the temperature distribution more uniform 
(the distribution range of the internal temperature in the 
single crystal of calcium fluoride to be within 5°C or 
less) by significantly reducing the differences in temper- 
ature inside the second container (and inside the first 
container) during the annealing. As a result, strain (bire- 
fringence) in the resultant single crystal of calcium fluo- 
ride was successfully removed. Therefore, a single 
crystal of calcium fluoride that is acceptable for use in 
high-precision optical systems was obtained. 
[01 08] As described above, with the present invention, 
it is possible to obtain a single crystal of fluoride having 
a high transmittance and low strain without haze inside 
or deteriorated layers on its surface. 
[0109] With the present invention, it is possible to 
obtain a single crystal of fluoride (in particular a single 
crystal of calcium fluoride with a large diameter) that is 
acceptable for use in high-precision optical systems, 
such as optical systems for photolithography at a wave- 
length of 250 nm or less (for example photolithography 
using KrF or ArF excimer lasers. F 2 lasers, solid-state 
lasers with nonlinear optical crystals). 
[01 10] It will be apparent to those skilled in the art that 
various modifications and variations can be made in the 
method of annealing a single crystal of fluoride and the 
method of manufacturing the same of the present inven- 
tion without departing from the spirit or scope of the 
invention. Thus, it is intended that the present invention 
cover the modifications and variations of this invention 
provided they come within the scope of the appended 
claims and their equivalents. 

Claims 

1 . An annealing method for a single crystal of fluoride, 
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comprising the steps of: 

removing at least one of attached objects and 
absorbed objects from the surface of the single 
crystal of fluoride to clean the surfare; and 5 
thereafter annealing the single crystal of fluo- 
ride, including heating the single crystal of fluo- 
ride and gradually cooling the heated single 
crystal of fluoride. 

10 

2. An annealing method lor a single crystal of fluoride, 
comprising the steps of: 

annealing the single crystal of fluoride, includ- 
ing heating the single crystal of fluoride and is 
gradually cooling the heated single crystal of 
fluoride; and 

removing a deteriorated layer which is formed 
on the surface of the single crystal of fluoride 
during the annealing step. 20 

3. An annealing method for a single crystal of fluoride, 
comprising the steps of: 

removing at least one of attached objects and 25 
absorbed objects from the surface of the single 
crystal of fluoride to clean the surface; 
thereafter annealing the single crystal of fluo- 
ride, including heating the single crystal of fluo- 
ride und gradually cooling the heated single 30 
crystal of fluoride; and 

removing a deteriorated layer wNch is formed 
on the surface of the single crystal of fluoride 
during the annealing step. 

35 

4. The annealing method according to any of claims 1 
to 3, wherein the step of annealing includes the 
step of controlling the internal temperature fluctua- 
tion in the single crystal of fluoride to be within 
about 5° C during the annealing. 40 

5. The annealing method according to any of claims 1 
to 3, wherein the step of annealing includes the 
steps of: 

45 

housing the single crystal of fluoride in an air- 
tight container of an annealing apparatus; vac- 
uuming the airtight container until the inside of 
the airtight container reaches a predetermined 
vacuum pressure; so 
heating the vacuumed container to a predeter- 
mined temperature, 

maintaining the predetermined temperature for 

a predeterminded period of time; and 

gradually lowering the temperature of the con- ss 

tainer. 

6. The annealing method according to claim 5, 



wherein the step of annealing further includes, 
between the steps of vacuuming and heating, the 
step of introducing an inert gas into the container. 

7. The annealing method according to claim 6, 
wherein the step of annealing further includes the 
step of vacuuming the inert gas from the container. 

8. The annealing method according to claim 5, 
wherein the step of housing includes housing the 
single crystal of fluoride in the airtight container of 
the annealing apparatus that includes a plurality of 
individually controllable heaters arranged outside of 
the container and a plurality of thermal insulation 
members for preventing heat transfer from the 
inside of the container to the outside of the con- 
tainer. 

9. The annealing method according to claim 8, 
wherein each of the thermal insulation members is 
made of at least one of metal materials, ceramic 
materials, and single crystals of fluoride materials, 
the metal materials including molybdenum and 
stainless steel, and the ceramic materials including 
carbon, BN, SiC, and SiN. 

10. The annealing method according to claim 8 wherein 
the thermal insulation members of the annealing 
apparatus include plate-shaped members arranged 
in the container. 

11. A manufacturing method of a high quality single 
crystal of fluoride, comprising the steps of: 

growing a single crystal of fluoride by fusing a 
fluoride material in a crucible and gradually 
cooling the fused fluoride material; 
removing at least one of attached objects and 
absorbed objects from the surface of the single 
crystal of fluoride to dean the surface; and 
thereafter annealing the single crystal of fluo- 
ride, including heating the single crystal of fluo- 
ride and gradually cooling the heated single 
crystal of fluoride. 

12. A manufacturing method of a high quality single 
crystal of fluoride, comprising the steps of: 

growing a single crystal of fluoride by fusing a 
fluoride material in a crucible and gradually 
cooling the fused fluoride material; 
annealing the single crystal of fluoride, includ- 
ing heating the single crystal of fluoride and 
gradually cooling the heated single crystal of 
fluoride; and 

removing a deteriorated layer which is formed 
on the surface of the single crystal of fluoride 
during the annealing step. 
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13. A manufacturing method of a high quality single 
crystal of fluoride, comprising the steps of: 



growing a single crystal of fluoride by fusing a 
fluoride material in a crucible and gradually s 
cooling the fused fluoride material; 
removing at least one of attached objects and 
absorbed objects from the surface of the single 
crystal of fluoride to clean the surface; 
thereafter annealing the single crystal of fluo- 10 
ride, including heating the single crystal of fluo- 
ride and gradually cooling the heated single 
crystal of fluoride; and 

removing a deteriorated layer which is formed 
on the surface of the single crystal of fluoride is 
during the annealing step. 



14. The manufacturing method according to any of 
claims 1 1 to 13, further including the steps of mix- 
ing a fluoride material with a scavenger in a cruci- 20 
ble, and fusing and gradually cooling the mixture to 
produce a pre-processed product having one of col- 
let and lump forms, the pre-processed product 
being used as the fluoride material in the step of 
growing the single crystal of fluoride. 25 
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